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Over the past few decades, polymer electrolyte membrane (PEM) fuel cells have been gaining 
increased attention as a possible replacement for the internal combustion engine.  Fuel cell 
vehicles are an attractive alternative because of the fact that they can operate without the use of 
fossil fuels, are more efficient than internal combustion vehicles, and have no harmful emissions 
with the only byproducts being heat and pure water.  Managing this water has been shown to be a 
key area of research.  In order for fuel cells to operate properly, there must be a certain level of 
hydration present in the membrane; however, too much water can cause the cell to flood, which 
reduces access of reactants to the reaction sites and consequently the amount of electrochemical 
reactions.  These effects cause a decrease in the overall efficiency and performance of the cell.  
One specific area of interest that has gained attention recently is the buildup of water in the 
reactant gas channels.  Several works have focused on droplet channel interactions, however 
many only investigate the droplet growth process, or just the interaction between the droplet and 
the air cross flow.  Few works have investigated the interaction between the growing droplet 
when it is exposed to a base and channel side which typically have differing surface energies.  
This issue is addressed in this work at a fundamental level by investigating droplet formation and 
accumulation in a corner.   
The work presented here utilizes an ex situ experimental approach that visualizes the dynamics of 
a water droplet as it emerges from a fibrous material and interacts with a solid side wall surface.  
A test section is designed and used to characterize the movement of the droplet interfaces as a 
function of geometry, surface energy, i.e. contact angle, and surface roughness.  The governing 
principle behind the design of this setup is the Concus – Finn Condition and it is proposed here 
that this condition can be used as a tool for designing channels with improved water management.  
It has been determined that the local contact angle is a critical parameter when analyzing the 
behavior of a growing droplet on the surface of a fibrous material as it interacts with the channel 
side wall.  Also, local contact angle values were found to exceed the previously measured contact 
angles for the surfaces due to the severely strained interface of the droplet over the porous 
structure.  The Concus-Finn condition can be successfully used to determine the behavior of a 
droplet in a corner based on the local contact angle.  A force balance analysis is used to support 
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Although fuel cells have been around for several decades, over the past few years they have 
become an increasingly popular alternative to the conventional internal combustion engine used 
in the automotive industry.  Fuel cells, especially polymer electrolyte membrane (PEM) fuel cells, 
are an attractive alternative mainly due to the fact that they can operate on more readily 
renewable resources and have no harmful emissions.  PEM fuel cells operating on pure hydrogen 
and air (oxygen) only produce water and heat as a byproduct; however, managing these 
byproducts has still proven to be a challenging issue.  There are several integral components in a 
PEM fuel cell that can collectively affect the overall efficiency of the system relative to water 
management.   Figure 1.1 is a graphical representation of a PEM fuel cell cross section.  There are 
three main regions of the fuel cell assembly; the anode, the cathode, and the membrane. 
 
Fig. 1.1: Fuel Cell Schematic 
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Hydrogen enters the cell through the anode gas channels located in the bipolar plate and 
transports through a porous media called the gas diffusion layer (GDL).  This layer is typically 
carbon fiber based and allows for an even distribution of reactant gasses to the catalyst layer.  The 
catalyst layer is comprised of platinum loaded carbon particles that separate the electron and 
proton of the hydrogen.  The electrons pass back out through the GDL and anode bipolar plate to 
be used in an external circuit.  The proton passes through the membrane of the fuel cell which is 
the “heart” of the fuel cell assembly.  This layer, typically Nafion, allows for the conduction of 
protons and is resistive to electrons.  The proton and electron travel through their respective paths 
to the cathode side of the fuel cell.  The two are rejoined at the cathode catalyst layer in an 
oxygen rich environment which causes the formation of water.  This water then diffuses back 
through the cathode GDL, which is identical to the anode side, and then exits the cell through the 
cathode gas channel.  
 
The amount of water that is present in the cell at any given time is a very crucial parameter for the 
efficiency of the fuel cell.  In order for the protons to propagate properly through the membrane, 
there must be a certain level of hydration.  In contrast, if there is too much water being generated 
at the catalyst layer, a phenomenon known as flooding occurs in which the excess water blocks 
the reaction sites causing poor performance.  There are several areas that provide an opportunity 
for improvement in water management.  One such area is the interface between the GDL and the 
gas channels.  Two phase flow patterns within the gas channels have been well documented over 
the past few years and acknowledge the fact that the conditions within the gas channels depend on 
the amount of water production, the reactant gas flow conditions, and the gas channel parameters 
[1-4].  One key area that requires further study is the fundamental reasoning behind water buildup 
in the gas channels.  More specifically, the driving forces that cause water accumulation in the 




2.0 LITERATURE REVIEW: 
 
Before investigating the corner geometry seen in PEM fuel cells, it is important to first 
understand the behavior of a water droplet on each individual surface being considered.  When a 
liquid droplet is deposited on a given surface it demonstrates a specific shape based on the surface 
tension of the liquid as it interacts with the solid surface and vapor atmosphere 
 
2.1 Static Droplet 
 
For a stationary droplet rest at equilibrium on a solid surface, the angle that forms between the 
solid and liquid is known as the contact angle.  This angle is formed at the triple phase boundary 
point (TBP) which lies on the contact line (CL) where the liquid, solid and vapor phase exist at 
the same point  [5].  Figure 2.1 shows a graphical representation of a droplet on a smooth solid 
surface.   
 
 
Fig. 2.1: Image of droplet at static equilibrium 
 
At the TBP there is a balance of forces which determines what angle is going to be formed by the 
droplet.  Young was the first to develop an equation for this type of droplet and is given as: 
 
𝐶𝐶𝐶𝐶 =  𝜎𝑆𝑉−𝜎𝑆𝐿
𝜎𝐿𝑉
          (2.1) 
 
where θ is the contact angle, σSV is the solid-vapor surface tension, σSL is the solid-liquid surface 
tension, and σLV is the liquid-vapor surface tension [5].  The surface tension is a measure of the 
molecular force acting on the interface between the two phases.  It is given as the result of the 
sum of forces acting on the surface molecules.  Typically the liquid-vapor surface tension is the 
only value obtainable through conventional methods of measurement  [6].   
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Unless otherwise noted, the contact angle typically refers to the equilibrium contact angle.  There 
are two main classifications that are used to classify a surface based on this equilibrium angle; 
namely hydrophilic and hydrophobic.  When the angle formed by the liquid on the solid substrate 
is less than 90°, the surface is considered to be “wetting” and is known as hydrophilic.  When the 
contact angle is greater than 90°, the surface is “non-wetting” or hydrophobic.  The 
hydrophobicity/hydrophilicity of a surface has been shown to be a key factor when characterizing 
the droplet shape.   
 
Another key factor to consider is the fact that when a net force is applied to the droplet, it begins 
to take a different shape.  As the droplet shifts from a static equilibrium to a point at which it is 
moving, the advancing and receding contact lines establish different contact angles.  Figure 2.2 
shows a graphical representation of this change.  The advancing contact angle, θA, is shown to be 
larger than the static angle whereas the receding contact angle, θR, is less than the equilibrium 
angle.  Therefore, the contact line on any given surface can take the shape of any angle such that 
θR < θ < θA.  The difference between the advancing and receding contact angles is known as the 
contact angle hysteresis and is denoted by Δθ [7]. 
 
Fig 2.2: Image of advancing and receding contact angles 
 
The effect of this hysteresis has gained more attention in the past decade.  In 2008, Fang et al. [8] 
conducted simulations of two-phase flow in a microchannel.  It was determined that the surface 
tension and contact angle hysteresis effects play a key role in the buildup of water.  Gupta et al. 
[9] investigated Taylor bubble flow in small round channels.  The CFD model used was 
unsuccessful in predicting the Taylor flow, however it was determined that the wall adhesion 
effects do play a large role in dictating the two phase behavior as long as there is a triple 
boundary point present.  The importance of including the hysteresis in model was also 




Several studies have also focused on the cause of this hysteresis [10-12].  An earlier study by 
Gaydos et al. [13] suggested that the surface roughness and surface inhomogeneity effects the 
contact line tension and subsequently the contact angle hysteresis.  Continuing with the effect of 
roughness, Bico et al. [14] investigated the apparent contact angle based on the surface 
roughness.  In order to do this, an extended version of the Young equation was used  that was 
developed by Wenzel [15].  The Wenzel equation incorporates the effect of roughness through the 
use of a roughness factor characterized by the surface and is given as: 
 
 𝐶𝐶𝐶𝐶∗ =  𝑓 ∙ 𝐶𝐶𝐶𝐶 = 𝑓 ∙ 𝜎𝑆𝑉−𝜎𝑆𝐿
𝜎𝐿𝑉
       (2.2) 
 
where θ* is the apparent contact angle and f is the roughness factor.  Bico et al. determined that 
the roughness improved the wetting and caused the hydrophilic surface to become more 
hydrophilic within the Wenzel regime [14, 16].  One study also suggests that chemical 
homogeneity of the surface plays a large role in forming the contact angle hysteresis [17].   
 
There have been a number of studies focusing on the spreading of a droplet on a surface moving 
into more dynamic studies.  This spreading can be closely related to the surface tension and 
contact angle.  Blake et al. [18] initially assumed that the contact angle and spreading were a 
function of the contact line speed and material properties  but found that might not always be the 
case.  A “stick-slip” movement was found for the actual contact line movement. De Gennes et al. 
[19] found that the fluid tends to spread in a rolling mechanism.  A spreading coefficient was 
investigated but difficulties arose in the experimentation due to the pinning of the contact line on 
surface defects.  In 2006, Shikhmurzaev [20]  also found the spreading of a viscous fluid to be a 
rolling mechanism.   
 
In general, most studies which focus on liquid droplet-solid interactions only consider a droplet 
resting on a solid surface in an open area.  When considering a fuel cell microchannel, however, it 
is important to consider the effects of two surfaces interacting with the same droplet due to the 
corner that is formed by the intersecting planes.  This is where the Concus – Finn condition can 







2.2 Concus – Finn Condition 
   
The Concus – Finn condition was first published by Paul Concus and Robert Finn in 1969 [21].  
Derivations were completed to determine the rise height of a fluid in an open container consisting 
of two sides that form a wedge shape with an open angle equal to 2α.  These derivations were 
based on another equation developed by Thomas Young [22].  Young’s Equation for capillary rise 






         (2.3)  
 
where σ is the liquid-vapor surface tension, θ is the contact angle, ρ is the density, and g is the 
gravitational constant.  Concus and Finn then applied this to the wedge shaped container with 








∙ 𝑛        (2.5) 
 
where H is a constant governing the mean curvature and 𝑘 = 𝜌𝜌 𝜎⁄ .  The Concus – Finn 
condition states that the surface is unbounded for: 
 
𝛼 + 𝐶 <  𝜋 2�          (2.6). 
 
In other words, the surface height is unpredictable for this given condition.  For the case 





Several years later, Concus and Finn applied their earlier derivations to a wedge domain in which 
the surface energy, i.e. the contact angle, of the two angled surfaces were different values [23].  
The setup used for this work is reproduced schematically in Figure 2.3, where Z1 and Z2 are the 
side wall surfaces with corresponding contact angles, θ1 and θ2 respectively, and S is the equation 
used to describe the surface height.  New boundary conditions were developed that incorporate 
the differing contact angles of the two surfaces.  These conditions were represented graphically 
and are reproduced in Figure 2.4.  In this figure, Concus and Finn describe the condition for 
existence of the rise height prediction to fall within the shaded region, R, which is inclined across 
the square π x π area.  The two axes represent the value of the contact angle for each surface θ1 
and θ2.  Data points plotted on this graph would be represented as (x,y) equal to (θ2, θ1).  For any 
points lying in the region of D1+ and D1-, no solution can exist.  For the points lying in the region 
of D2+ and D2-, a solution may exist but cannot have continuous normal unit vectors up to the 








Fig. 2.4: Condition for existence of a solution reproduced from [23]. 
 
In 2005, Weislogel et al. [24] used this principle to numerically investigate liquid rise height in 
containers with corners.  The main area of focus for their work was in region D1+.  Although they 
were able to verify the use of the Concus-Finn condition for flow/rise in a corner when the corner 
is initially filled, the results and approach do not directly apply to the problem addressed here 
within fuel cell gas channels.   
 
Few works have investigated the effects of a corner interface on a growing droplet.  Chang et al. 
[25] in 2010 investigated a droplet resting on an exterior corner.  It was found that as the droplet 
contacts the edge of the corner, the contact line gets pinned and the contact angle exceeds the 
equilibrium contact angle essentially forming the advancing contact angle.  The critical angle 
reached before the contact line moves over the edge of the corner is dependent on the properties 
of the surface the droplet is on, not the new surface the contact line invades.  The scale used for 




Hwang et al. [26] conducted simulations of a droplet near an interior corner at a given angle.  
This study purely focuses on molecular dynamics and does not take into consideration the 
physical properties of the surfaces; however it was determined that as the angle decreased 
between the base and side wall, the effect of the wall increased.  This trend was found to be 
similar for different droplets of varying sizes.   
 
2.3 Water Management in PEMFC  
 
There have been several methods used to investigate water management issues associated with 
PEM fuel cells.  Within the past decade or so one of the increasingly popular methods has been 
the use of transparent materials to visualize the gas channels [1-4, 27, 28].  In 2003, Tuber et al. 
[2] was the first group to utilize transparent materials in an operating fuel cell in order to study 
the effects of the GDL materials on water management.  It was found that by adding a 
hydrophobic PTFE coating to the GDL fibers, water was distributed more randomly within the 
channels because of the fact that the hydrophobic polymer acts like a barrier to liquid water 
within the GDL pores.  The results from this work acknowledge the need for a better 
understanding of water management within the fuel cell.   
 
In 2007, Ous et al. [28] also visualized water accumulation characteristics using a transparent fuel 
cell to study the effects of air flow, external loading, and droplet location within the channel.  It 
was found that droplet size is inversely proportional to air velocity and that increasing the 
external load delayed the amount of time it took for the first droplet to grow.  Also, for droplets in 
contact with the side wall, growth was a gradual process, in comparison to the rapid growth that 
occurs in the center of the channel.  Simulations were also completed which indicate capillary 
force to be the dominant driving force behind droplet growth.  This agrees with the more 
fundamental work of Wang et al. [29] in which a model was developed to predict single and two 
phase flow within a channel.  This model determined that water accumulation is controlled by 
capillary action and molecular diffusion.  Esposito et al. [30] used a fluorescent die and 
transparent ex situ setup to visualize the droplet deformation when exposed to a shear gas flow.  
The cross section of the channel parallel to the gas flow was visualized to provide images of the 





Kandlikar et al. [1, 3] and Lu et al. [31] have done extensive work involving visually accessible 
fuel cells.  Transparent components were used to visually study the effects of GDL, channel 
geometry and maldistribution in a 50 cm2 fuel cell.  It was found that three flow patterns, i.e. slug, 
film and mist flow, emerged based on the operating conditions of the fuel cell and that more water 
accumulates in the channels at lower air flow rates causing a decrease in operational efficiency.  A 
flow maldistribution was also found to exist due to the parallel channel effects and the pressure 
drop measurement, which was also a major focus in this work, produced a way to determine the 
flow pattern within the channels based on the pressure drop signature.  GDL intrusion in to the 
gas channels was also measured visually by Kandlikar et al. in 2009 [1].  A compression of 6 MPa 
causes an intrusion of 70 μm in the given channel.  This intrusion causes the angle of corner 
between the GDL and channel wall to decrease to 78° which suggests that different corner 
geometries must be consider due to the effects of intrusion and compression.   
 
Theodorakakos et al. [32] has done a comprehensive investigation of water dynamics within PEM 
fuel cells.  Droplets growing in fuel cell gas channels were investigated to determine the effects 
of contact angle, droplet location, flow conditions, and surface tension.  This work was primarily 
simulated numerically with the main focus on droplet detachment.  It was found that the contact 
angles have an impact on the droplet detachment and that the velocity profile of the air stream is 
important to droplet detachment.  Instead of exclusively using transparent materials, Owejan et al. 
[4, 33] used an in situ approach with neutron radiography to identify water accumulation within 
an operating fuel cell for various channel geometries and material sets. Two-phase flow 
characteristics were also indentified within the fuel cell gas channels using this imaging 
technique.   
 
Zhu et al. [34, 35] is another group that has completed extensive studies on droplet-channels 
interactions.  Numerical simulations were completed to study two phase flow in PEM fuel cell 
gas channels and it was found that droplets emerge in a cyclical mechanism [34].  The frequency 
of this cycle was found to be a function of the channel surface energy and inlet air velocity.  The 
growth rate was also found to be a function of the pore size from which the droplet emerges 
where smaller pores lead to slower growth and less water coverage.  This group also investigated 
the effect of geometry on the two phase flow characteristics [35].  Through numerical simulations 
it was determined that geometry, i.e. aspect ratio and cross-sectional area, play a key role in 
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droplet development and accumulation.  The water coverage ratio was found to be a function of 
the geometry and increased linearly with time for most cases simulated.  Although detailed and in 
depth, there was no experimental result presented to help validate these simulations. 
 
Several groups have also highlighted the importance of geometry when designing efficient gas 
channels.  Akhtar et al. [36] measured the pressure drop within 5 different gas channels with 
varying aspect ratios.  It was determined that the aspect ratio played an important role on the 
water transport characteristics.  In 2007, Metz et al. [27] proposed a novel trapezoidal channel 
design remove excess water based on capillary action and the principles of the Concus-Finn 
condition [21].  This new channel design uses a specific open angle to help remove the water 
from the GDL surface.  Although based on the Concus-Finn condition, the fundamentals 
regarding the droplet dynamics are not addressed.  The work by Metz et al. used the simulation of 
droplet growth near a channel wall and in situ testing with varying contact angles and open angles 
to determine the droplet behavior.  The results show that the surface properties and channel 
geometries have a profound effect on the water accumulation.  This is in agreement with Zhang et 
al. [37] which found  that hydrophilic channels are preferable for water removal.  He et al. [38] 
also investigated the importance of the hydrophobicity of the channel and GDL.  It was 
determined that a hydrophobic GDL was advantageous to the operation of fuel cells, however 
more work is warranted to fully understand the effects of hydrophobicity and hydrophlicity 
within the channels.  It can be seen that not only is the channel geometry an important factor, the 
surface energy and contact angle of the GDL and channel wall are also key parameters to 
consider. 
 
2.4 Force Analysis 
 
One method commonly used to evaluate growing droplet and surface force interactions is 
through the use of a force balance evaluated at the droplet surface boundaries.  This type of 
approach commonly used for several T-junction analyses.  In 2001, Thorsen et al. [39] studied a 
T-junction in which water was dispersed perpendicularly to a stream of continuously flowing oil.  
Flow patterns were identified based on the respective pressures of the water and oil.  It was 
determined that the forces that contribute the most to flow pattern/droplet formation are the 
shear forces, the drag force and the friction with the channel wall.   In 2006, work completed by 
Garstecki et al. [40] was based off of the work of Thorsen et al. and focused on the droplet 
formation dynamics.  It was determined that the droplet grows until it completely blocks the 
channel then detaches from the inlet and travels downstream.  This was completed using oil and 
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water.  This area can be applied to fuel cells by taking an air stream as the continuous phase with 
a growing water droplet as the dispersed phase.   
 
De Luca et al. [41] completed a basic analysis that compared two methods of evaluating the 
forces acting on a growing droplet exposed to a continuous phase, namely a force balance 
equation versus a torque balance equation.  Figure 2.5 is shows a reproduced schematic showing 
the droplet and forces consider for the analysis.  The forces analyzed were the dynamic lift force, 
FDL, the buoyancy (gravity) force, FBG, the drag force, FDR, and the Young-Laplace (surface 
tension) force, FYL, all based on the droplet diameter, Dd, and pore diameter, Dp.  It was 
determined that a force balance is a more accurate tool to predict the droplet detachment 












De Luca et al. also used numerical simulations to model the droplet formation [42].  The force 
balance was able to take into account the contact angle hysteresis and determined the maximum 
and minimum values for droplet sizes during cross flow emulsification.  The model incorporated 
a linear relationship between the droplet size and pore size found experimentally and was able to 
successfully model the relationship based on the force balance approach.   
 
A similar force balance from Hao et al. [43] can be seen to represent a PEM fuel cell channel 
more closely due to the fact that the study takes into account a hydrophobic wall as the base 
similar to a GDL.  The force balance was analyzed on a moving droplet and was given as: 
 
𝐹𝑝 + 𝐹𝑐ℎ𝑒𝑒𝜌,𝑒 + 𝐹𝑐ℎ𝑒𝑒𝜌,𝑑 + 𝐹𝑐𝑢𝜌𝑠𝑒𝑐𝑒 = 0      (2.7) 
 
where Fp is the pressure force, Fshear,a is the gas flow shear force, Fshear,d is the droplet movement  
shear force, and Fsurface is the surface tension force of the droplet. From this force balance, a 
simple analytical model was developed which was able to successfully determine the average 
droplet velocity in a channel based on a moving droplet.   The studies mentioned above 
primarily only consider the force exerted on the droplets by the flow, i.e. shear, pressure and the 
surface tension of the droplet on the base.  There is still a need for an understanding of the effect 
of the side wall if the droplet grows large enough to be in simultaneous contact with both the 







After reviewing the available literature it has become apparent that there is still a lack of a 
fundamental understanding of the dynamic process that causes water accumulation in the corners 
of PEM fuel cell microchannels.  Several of the works presented here have studied droplets 
emerging from a porous media leading to two phase flow, however there is little experimental 
work investigating the initial stages of droplet-channel wall interactions.  The important factors 
that must be considered are the base and wall surface energies, as evidenced by their respective 
contact angle hysteresis, as well as the angle at which the two planes intersect.   
 
This work intends to address the lack of data pertaining to the movement of the contact line of a 
droplet interface in contact with two surfaces with varying contact angles at a given angle.  The 
results will provide information regarding the contact angle hysteresis during droplet growth and 
development, the contact line positions and velocities for all interfaces, and will also apply the 




An ex situ approach will be used to represent portions of actual fuel cell hardware.  The test setup 
uses a base to supply water through a GDL with a side wall attached to the top surface.  This side 
wall represents the wall of a reactant gas microchannel.  This approach was chosen to allow 
visual access to the droplet interface interior to the corner.  An in-situ setup would require 
modification in order to produce the same images that can be obtained through ex-situ testing.  
Also, this work does not incorporate the effect of shear flow because of the fact that a 
fundamental understanding of the droplet-base-side wall interactions must be developed first in 
order to provide a basis for more in depth water management studies.  
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3.0 EXPERIMENTAL SETUP: 
 
 
As mentioned before in Section 2.5, the objective of the experimental setup discussed below is to 
visualize the droplet interfaces during the dynamic transition from a growing droplet on the GDL 
alone to simultaneous contact between the GDL and channel side wall.  Figure 3.1 illustrates two 
scenarios that could exist for a simple perpendicular corner depending on the wall contact angles.  
As the droplet grows and contacts the side wall, it can potentially either (a) become pinned at the 
interface with a more hydrophobic side wall, “non-filling”, or (b) the liquid can be drawn into the 
corner intersection with a hydrophilic wall, “filling.”  This behavior is determined by the contact 
angles of each surface and the open angle of the intersection. 
 
  
      (a) Non-Filling               (b) Filling 
 
Fig.3.1: Image of droplet-channel wall interaction for corner illustrating filling and non-




3.1 Experimental Setup 
 
A test setup was designed to simulate droplets that would be produced by the electrochemical 
reaction in a PEM fuel cell.  There are several components that make up the entire test setup 
which visualizes droplet growth and side wall collectively.  These components allow for the side 
wall surface to be interchangeable and for the corner angle to be variable in order to study the 
effects of contact angle and open angle. Figure 3.2 shows a general overview of the system which 
is comprised of a Model 11 Plus constant supply syringe pump from Harvard Apparatus, a test 
section which is described in the following section, Keyence VW-6000 high speed camera 






Fig. 3.2: Schematic of test setup used to characterize emerging droplet consisting of a PC, 
High speed camera with 50x Optics, syringe pump and main test section (base with water 





3.2 Test Section: 
 
The test section is comprised of three main components that are mounted on an aluminum stand.  
A base piece machined out of a polycarbonate acrylic, namely Lexan™, is used to hold the GDL 
sample as well as to facilitate the water supply.  The GDL sample is attached to the base using a 
small piece of adhesive tape; this tape does not affect the water transport it is primarily used to 
keep the sample in place.  A preferential pore is used to promote through plane rather than in 
plane water transport and helps to control the location of the droplet for improved imaging.  This 
pore ranges from 100 μm to 300 μm.   A side wall is mounted on the top side of the GDL near the 
preferential pore and is interchangeable to utilize different materials in order to produce a variety 
of contact angles and surface roughness.  The test section also has a rotating end cap that the side 
wall is clamped to which provides the various open angles between the base and side wall 
surfaces.  Figure 3.3 shows a graphical representation of the test section design.  It can be seen 
that the droplet is pushed through the GDL through the pore at a constant flow rate until it 
emerges on the top side.  As the droplet emerges, it eventually contacts the side wall where the 











3.2.1 Side Wall Material 
 
The materials chosen for this study were meant to represent materials seen in an operating fuel 
cell.   Typically, PEM fuel cell gas channels are manufacture out of graphite.  However, to help 
with imaging for this setup and for ease of manufacturing, vapor polished Lexan™ was used to 
represent the graphite.  The contact angles for both surfaces are very comparably as shown in 
Table 3.1.  Two other Lexan side walls were manufactured, one was treated with a hydrophobic 
coating to increase the contact angle while the other was roughened randomly using a file.  These 
three surfaces were chosen to determine the effect of contact angle as well as the effect of the 
surface roughness on the droplet behavior.  The contact angle hysteresis was measure for all 
surfaces using a VCA Optima Surface Analysis System from AST Products, Inc and can be seen below 
in Table 3.1.  The values in this table for advance and receding contact angle are taken as an 
average of five samples measured.  The advancing angles are within 2% of the average and the 
receding angles are with 10% of the average.  Figure 3.4 shows and example image of the contact 
angle measurement.  The images show a water droplet on a smooth Lexan surface with advancing 
and receding contact angles. 
 






Fig. 3.4: Images of Lexan advancing and receding contact angles 
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The surface roughness was also factored in for all surfaces.  The values were measured using a 
Keyence Laser Confocal Microscope.  An example of the images taken for the three side wall 
surfaces can be seen in Figure 3.5.  The surface roughness of a graphite piece is shown in this 
figure for reference as well.  The untreated Lexan surface was relatively smooth with a Ra value 
of only 0.06 μm.  The hydrophobic coating increased the roughness slightly to 0.14 μm but is still 
relatively smooth.  After roughening a smooth Lexan piece, a Ra value of 3.45 μm was created.  
As shown in Table 3.1, the contact angle increased for the rough Lexan from 85° to 117°.  This is 
close to the value for the hydrophobic coating which will help isolate the effects of roughness on 
the droplet behavior.  It can also be seen that the hysteresis on the rough Lexan is much larger 
than the other surfaces.    The effect of this can also be studied through this experimentation. 
 
  
(a) Untreated     (b) Hydrophobic 
 
  
 (c) Roughened     (d) Graphite 
 
Fig. 3.5:  Images of surface roughness for (a) untreated Lexan with Ra = 0.06 μm, 
(b) Hydrophobic coated Lexan with Ra = 0.14 μm, (c) Roughened Lexan with  
Ra = 3.84 μm, and (d) Graphite with Ra = 0.48 μm 
 
  
50 μm 50 μm 
50 μm 50 μm 
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3.2.2 Gas Diffusion Layer 
 
The gas diffusion layer chosen for this study was a commercially available carbon fiber paper 
manufactured by Sigracet ©.  The same GDL was used throughout all tests.  It is 235 μm thick 
and coated with a 5 wt.% PTFE to create a hydrophobic surface as reported by the manufacturer.  
The typical pore sizes ranges from 20-30 μm however a larger preferential pore was created to 
facilitate better water transport on the order of 100 μm – 300 μm.  In spite of this difference in 
pore size, the initial droplet sizes still correspond to those that might be seen in a PEM fuel cell.  
The contact angle and roughness for this material can also be seen in Table 3.1.  Because of the 
PTFE coating the contact angle is very hydrophobic with a narrow hysteresis.  The roughness is 
also quite high relative to the side surfaces due to the porous structure of the GDL. 
 
 Table 3.1: Static Advancing and Receding Contact Angle Measurements 
 
Surface Material Ra (μm) θadv (°) θrec (°) Δθ (°) 
Base SGL -25BC 23 147 138 9 
Side Wall Untreated Lexan™ 0.06 85 61 24 
Side Wall Hydrophobic Lexan™ 0.14 116 83 33 
Side Wall Rough Lexan™ 3.84 117 31 86 
Side Wall Graphite 0.48 89 34 55 
 
 
By testing the surfaces listed above in Table 3.1, the test section and procedure will be able to 
quantify the movement of the droplet interfaces and provide information about the position and 
velocity of the contact line as well as the contact angle formed on each given surface.  A detailed 
description of the test procedure and data analysis can be seen in the following section.   
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4.0 TEST PROCEDURE 
 
4.1 Data Collection 
 
The following section highlights the procedure used to collect the necessary data by utilizing the 
test section that was described previously in Section 3.  Before a side wall was clamped on top of 
the GDL surface, water was pumped through the GDL in order to establish a focal point for the 
camera and to insure that the droplets would grow properly.  Once the focal distance was 
established, the side wall was mounted to the base perpendicular to the GDL.  For the actual test 
and data collection, the syringe pump supplied water at a constant rate of 0.1 mL/min.  This rate 
was initially based off of previous ex situ testing but it was found that, for this setup, the capillary 
and surface tension forces are the primary driving forces therefore the water pressure and flow 
rate essentially negligible.  As the droplet grew from the GDL, high speed video was captured at 
50x magnification with frame rates ranging from 250 to 1000 fps.  Once contact was made 
between the droplet and the side wall the pump was turned off.  After the droplet had reached 
equilibrium the test was completed and the videos were saved for further analysis.  The GDL and 
sidewall surfaces were dried off and the test was repeated several times to establish repeatability 
and validate the results comparatively.  After a few tests were completed at the 90° angle, the side 
wall was rotated so that the open angle between the GDL and side wall was decreased.   The 
whole process was then repeated for various angles ranging from 15° to the previously mentioned 
90°.  After all tests were completed with the given angles, the side wall was changed and all 
testing repeated for each individual surface.  A database was compiled for various side wall 
materials at varying open angles for further video analysis as discussed in the following section. 
 
4.2 Data Analysis 
 
The majority of the data collection was completed through analyzing the high speed videos.  Due 
to the nature of the videos and data being collected, the analysis is primarily done manually 
through the use of Keyence Motion Analysis software on a frame by frame basis.  Typically, the 
transition from growing droplet to corner interaction occurs within ten milliseconds (msec) 
therefore the majority of tests were taken at 1000 frames per second to achieve the best resolution 
for the amount of data required.  Out of the entire video file, the only frames analyzed were the 
frames in which the droplet is in contact with the side wall.  Time t = 0 msec was established as 
the frame just before contact is made.  Each subsequent frame was then analyzed with a time step 
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of Δt = 1 msec until an equilibrium was established.  Because of the fact that equilibrium was 
typically reached in 10 msec, only the first ten frames were analyzed for several parameters of 
interest.  Figure 4.1 shows a simplified schematic of a droplet to illustrate the key data points 
measured, namely the overall droplet height (diameter) just before contact, the height of the side 
wall upper and lower contact lines as well as the distance between the corner intersection and the 
inner and outer contact lines on the base.  The contact angles are also measured for all four 
contact lines and are given as θUCL and θLCL respectively for the upper and lower side wall 
contact lines and θICL and θOCL respectively for the inner and outer contact lines on the base.  
From these measurements, the contact line velocities can be calculated and the contact angle 
information is used to determine the Concus-Finn condition.  Also, a force balance can be applied 
to the droplet incorporating all four contact points to determine the net force acting on the droplet 
at any given time based on the contact angles and surface tension of the liquid. 
 
 
Fig. 4.1: Schematic of simplified droplet-channel wall interaction showing the 






The Keyence Motion Analyses software provides several measurement tools that were used to 
quantify the droplet measurements.  Figure 4.2 shows a screen shot of typical height 
measurements taken for a corner formed by untreated Lexan and the GDL at 2α = 90° for t = 1 
msec.  A common base line is selected at the top of the GDL surface and used as the zero mark.  
The heights are then measured based off of this level and the contact line heights are tracked 
throughout all frames required.  The measurement was done manually and repeated for 
validation.  The angle measurement tool was used for the contact angles as shown in Figure 4.3.  
For clarity, a line was drawn on each surface so that a common reference line was established.  
Each of the four contact angles were measured for the necessary frames and the values were 





Fig 4.2: Screen shot of typical height measurement taken at t = 1 msec for a GDL 






Fig 4.3: Screen shot of typical contact angle measurement taken at t = 1 msec for a 
GDL base and an untreated Lexan side wall at 2α = 90° 
 
 
All of the data collected through this process was analyzed using the MS Excel spreadsheet.  The 
information was organized so that trends in the behavior of the droplet can be observed and 
compared for all samples tested.  The data collected, especially the contact angle, was used to 
complete a force balance analysis to determine the driving forces behind the droplet movement 




5.0 THEORETICAL ANALYSIS 
 
There are two main theoretical analyses that this work is based on, the Concus-Finn Condition 
and a global force balance acting on the droplet.  These analyses are used to explain the driving 
force(s) behind the behavior of a droplet that is subjected to corner geometries with a given open 
angle, 2α, and two different surface energies, i.e. θ1 and θ2.  The Concus – Finn Condition can be 
used to help predict the general behavior of the droplet and the force balance can be used to 
explain this behavior and limiting conditions.     
 
5.1  Concus – Finn Condition 
 
As described previously in Section 2.2, the Concus – Finn (CF) Condition was derived as a 
mathematical expression to predict the rise height of a liquid that is held in a container with at 
least one corner.  The main container shape considered was a wedge with an open angle of 2α.  
This work was also extended from an initial study of a container with all sides having the contact 
angle, to a system in which the two surfaces that form the wedge have differing contact angles.  
This type of system can be extended further to consider a geometry typically seen in a PEM fuel 
cell gas channel.  Instead of focusing on a corner that is already filled to determine the rise height, 
the principles of the CF Condition can be used to determine whether or not a water droplet will be 
drawn into a the corner or if it will be pinned on the surface at or near the point of contact.  Out of 
the four contact lines that are established at the base – droplet – wall interfaces, the two that are 
the main focus are the two located interior to the corner, i.e. the inner contact line on the base and 
the lower contact line on the wall.  According to the CF Condition, the main forces acting on the 







Fig. 5.1: Schematic of interfaces considered for the Concus-Finn Condition. 
 
By evaluating the limits shown by the plot in Figure 2.3, the limiting value of the lower contact 
line contact angle, θLCL, Limit, can be expressed as a function of the open angle, 2α, and the inner 
contact line contact angle, θICL.  This expression is given as: 
 
𝐶𝐿𝐿𝐿,𝐿𝐿𝐿𝐿𝐿 =  (2𝛼 +  𝜋) −  𝐶𝐼𝐿𝐿        (5.1) 
 
This can be shown graphically using a similar plot to the one seen in Fig. 2.4.  For the geometry 
used in this analysis, the entire rectangle does not apply as it does for the CF Condition.  Instead, 
only the top line of rectangle is used to determine the behavior of a droplet as shown in Figure 5.2 
which is an example of the modified plot focusing on the upper limit line which represents the 
limiting side wall contact angle and decreases linearly with increasing base contact angle for a 
constant open angle, 2α.  To use this as a tool to help predict the droplet behavior, the values of 
θICL and θLCL are plotted on the graph such that (x,y) is equal to (θICL, θLCL) based on the axis 
shown.  A point located within the rectangle, below the limiting line, indicates the corner will be 
filled when the droplet contacts the side wall.  If the point falls in the D1- region, the corner will 
not be filled and the droplet will remain pinned on the surface at or near the contact point.  An 
example of this is shown in Figure 5.2 for an open angle of 2α = 60° for GDL – Untreated Lexan 
and GDL – Hydrophobic Lexan.  The plot indicates that for the untreated Lexan, the corner will 
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be filled by the droplet, and for the hydrophobic Lexan, the corner will not fill.  This is verified 




Fig. 5.2: Plot of Concus – Finn Condition for GDL-Untreated Lexan and GDL -




5.2 Global Force Balance 
 
In order to determine the effect of the forces acting on the droplet, a global force balance was 
applied to the droplet normalized to the GDL base.  A simplified breakdown of the forces can be 
seen in Figure 5.3 which shows the forces acting on the individual interfaces as well as the body 
forces (gravity) acting on the entire droplet.  By using the GDL as the basis for the x-y 
orientation, the surface tension forces can be expressed as a function of the contact angles as well 
as the open angle.  Therefore, for the purposes of this work, the net vertical force (y-direction) is 




Fig. 5.3: Simplified schematic of forces acting on a droplet for a hydrophobic base 





To simplify the force equations the droplet was assumed to be a cylinder such that the length is 
one unit vector.  For example, the units for surface tension are given as [N/m].  For the purposes 
of this force balance, the force is taken as: 
 
σLV [N/m] ⋅ 𝑘 [m]  =  σLV [N]          (5.2) 
 
where k is the unit vector in the z-direction (into the page).  Essentially this creates a two 
dimensional analysis.  One typical metric used to determine the effect of gravity is through the 
dimensionless Bond number which is the ratio of gravitational force to surface tension force and 
is given as: 
 
𝐵𝐶 =  𝜌∙𝜌∙𝜌
2
𝜎𝐿𝑉
          (5.3) 
 
where ρ is the density, g is the gravitational constant, r is the radius, and σLV is the surface tension 
force [44].  For values of Bo << 1 indicates that the surface tension force is dominant over 
gravity.  Using the maximum possible value for the radius based off of typical fuel cell gas 
channels, the Bond number does not exceed 0.05 indicating that the gravity effects are negligible. 
 
The forces acting at the base of the droplet are taken from the value of the contact angles.  The net 
force from the base can be given as: 
 
𝐹𝐵 =  𝜎𝐿𝐿 ∙ [𝑆𝑆𝑛(𝐶𝑂𝐿𝐿) +  𝑆𝑆𝑛(𝐶𝐼𝐿𝐿)]        (5.4) 
 
The side wall forces are a little more complex due to the presence of the open angle.  Figure 5.4 
shows an exploded view of the forces acting on the side wall at the upper and lower contact line.  
Instead of taking the sine of the contact angle on the angled surface, it must be evaluated based on 





Fig. 5.4: Schematic of forces acting on the droplet at the side wall interfaces. 
 
For the lower contact line, the contact angle and open angle overlap such that the actual angle 
used to determine the force, β, is the difference between the two given as: 
 
𝛽 =  𝐶𝐿𝐿𝐿 −  2𝛼          (5.5) 
 
such that the net vertical force acting on the lower contact line is: 
 
𝐹𝑊,𝐿𝐿𝐿 =  𝜎𝐿𝐿 ∙ 𝑆𝑆𝑛(𝛽) =  𝜎𝐿𝐿 ∙ 𝑆𝑆𝑛(𝐶𝐿𝐿𝐿 −  2𝛼)       (5.6) 
 
The angle, γ,  used to calculate the net force acting on the upper contact line is also based off of 
the difference between the open angle and contact angle, however it is shifted such that: 
 
𝛾 =  𝐶𝑈𝐿𝐿 −  (𝜋 − 2𝛼) = (𝐶𝑈𝐿𝐿 +  2𝛼) − 𝜋        (5.7) 
 
Using this angle, the net force acting on the upper contact line is given as: 
 




Using sign notation, Eq. 5.8 can be arranged to produce a simplified equation for the upper 
contact line net force and is given as: 
 
𝐹𝑊,𝑈𝐿𝐿 =  −𝜎𝐿𝐿 ∙ 𝑆𝑆𝑛(𝐶𝑈𝐿𝐿 +  2𝛼)         (5.9). 
 
Combining Eq. 5.6 with Eq. 5.9 yields the total net force acting on the droplet by the side wall 
and is given as: 
 
𝐹𝑊 =  𝜎𝐿𝐿 ∙ [𝑆𝑆𝑛(𝐶𝐿𝐿𝐿 −  2𝛼) − 𝑆𝑆𝑛(𝐶𝑈𝐿𝐿 +  2𝛼) ]     (5.10). 
 
The total net vertical force acting on the droplet for a given open angle and combination of base 
and side wall angles can then be expressed by combining Eq. 5.4 and Eq. 5.10 such that: 
 
𝐹𝑌,𝑁𝑒𝐿 =  𝜎𝐿𝐿 ∙ ��𝑆𝑆𝑛(𝐶𝑂𝐿𝐿) +  𝑆𝑆𝑛(𝐶𝐼𝐿𝐿)� + �𝑆𝑆𝑛(𝐶𝐿𝐿𝐿 −  2𝛼) − 𝑆𝑆𝑛(𝐶𝑈𝐿𝐿 +  2𝛼)� � (5.11). 
 
 
The derivation shown above applies to hydrophobic base and hydrophobic side wall.  The only 
difference with a hydrophilic side wall is that the upper and lower contact line derivations would 
be switched, however, this is accounted for when the forces are combined due to the sign 
convention.  Therefore, the equations listed above apply to any base – side wall combination.  
The data collected, as discussed in Section 4, will be used in these equations, specifically eq. 5.1 
and Eq. 5.11, to determine the driving force acting on the droplet at the corner interface.  
Equation 5.1 will be used to determine if the CF Condition is satisfied which will indicate 
whether or not the corner will be filled by the growing droplet.  The contact angle measurements 
will be used in Eq. 5.11 to determine the net force acting on the droplet and will be used to 
support the CF Condition.  The results of the data analysis described above in Sections 4 and 5 
are explained in detail in following section.  
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6.0 RESULTS AND DISCUSSION 
 
6.1 Droplet Dynamics 
 
The first surfaces tested were the untreated Lexan side wall and GDL base to establish a baseline 
system that represents a PEM fuel cell gas channel with a rectangular cross-section.  The 
movement of the contact lines, as well as the change in contact angles is measured on a frame by 
frame basis to help establish the contact line velocities and position relative to the droplet/side 
wall.  An example of this can be seen in Figure 6.1 which shows images taken from a droplet 
growing on the GDL with a perpendicular untreated Lexan side wall at 1000 fps and 50x.   
 
In these images, the wall is highlighted by the dark line in the center, with the original droplet on 
the left, and a reflection in the wall surface appearing on the right.  It can be seen that at time t = 1 
msec, the droplet contacts the side wall and begins to spread rapidly on the surface.  The lower 
contact line (LCL) quickly reaches the corner, at t = 3 msec, allowing for it to be completely 
filled.  At the same time, the upper contact line (UCL) climbs the wall until the equilibrium is 
reached.  Figure 6.2 shows an image taken at t = 10 msec, illustrating the equilibrium size and 
shape of the droplet once the test was completed.  It is also important to note that as the droplet is 
drawn into the corner it is shifted towards the side wall.  This shift causes the outer contact line 
(OCL) on the GDL base to be pinned at the pore opening significantly affecting the contact angle 
value.  It can be clearly seen in Figure 6.1 that at t = 2 msec, θOCL changes from a hydrophobic 
angle to one that is hydrophilic.  This continues through all subsequent frames and remains 





Fig. 6.1: Sequence of images showing a droplet in contact with a GDL base 
perpendicular to an untreated Lexan side wall where: 2α = 90°,  





Fig. 6.2: Image of equilibrium state at t = 10 msec of droplet on a GDL base 
perpendicular to an untreated Lexan side wall where: 2α = 90°,  
θICL = 147° and θLCL, Unt = 85° 
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The height of the upper and lower contact lines, HUCL and HLCL respectively, were measured from 
the frames and are plotted in Figure 6.3.  For the UCL (solid symbols) it can be seen the height of 
the contact line increases until the equilibrium height is reached at t = 4 msec.  The LCL (open 
symbols) however, decreases exponentially until the contact line reaches the corner, where HLCL 
= 0, at t = 3 msec.  The droplet continues to change shape even after the contact lines are pinned, 
however it does not affect the position of the UCL or LCL and finally reaches an equilibrium 





Fig. 6.3: Plot of upper and lower contact line height on the side wall where: 
2α = 90° θICL = 147° and θLCL,Unt = 85°  
 
 
The velocity of the two contact lines, VUCL and VLCL, were also measured from the video and are 
shown in Figure 6.4.  The velocities (averaged over a 1 msec time interval) are initially relatively 
high as the droplet transitions from equilibrium on the GDL surface alone, to interacting with the 
two surfaces.  Both velocities then decrease as the equilibrium height is reached.  After a given 
amount of time the LCL (open symbols) reaches the corner where VLCL = 0.  The UCL (solid 
symbols) continues to move until the contact line reaches equilibrium height in which VUCL = 0 
which can be seen at t = 5 msec.  This plot also shows an oscillating trend in the movement of the 
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contact line as well, especially for the UCL.  This indicates that there is a stick-shift type of 
movement experienced by the contact line. Considering the size of the droplets, these velocities 
suggest that the contacts lines are moving quite quickly which allows the corner to be filled 




Fig. 6.4: Plot of upper and lower contact line height on the side wall where:  
2α = 90° θB = 147° and θW = 85° 
 
 
This method and process is validated by testing the repeatability of the measurement and 
behavior.  Figure 6.5 below shows a similar plot for untreated Lexan with three different droplets 
of similar initial height.  It can be seen that the UCL for all three droplets behave almost 
identically.  The LCL for the three droplets have a slightly larger separation, however the trend is 





Fig. 6.5: Plot of upper and lower contact line height on the side wall for different 
droplets where: 2α = 90°, θB = 147° and θW = 85° 
 
 
The other two surfaces, i.e. the hydrophobic side wall and the rough side wall, were also tested 
for 2α = 90° to compare the effect of contact angle and surface roughness.  Relative to the 
geometry and variables being tested, the key point of interest for this comparison is the lower 
contact line on the wall and the inner contact line on the base.  Figure 6.6 shows a plot of the 
contact line heights for the LCL of all three surfaces.  It can be seen that the untreated () and 
hydrophobic () side walls behave similarly.  The LCL height decreases exponentially until the 
corner is reached which was a typical result.  For the rough Lexan (), the trend appears to be 
much more linear and it takes a significantly longer amount of time for the LCL to reach the 
corner.  This can be explained by the fact that the LCL is getting pinned on the roughness 







Fig. 6.6: Plot of HLCL for untreated, hydrophobic, and rough Lexan where θUnt = 
85°, θHydro = 116°, and θRough = 117° respectively with θB = 147° 
 
 
The velocity of the lower contact line, VLCL, at the perpendicular angle was also measured from 
the video and can be compared for the three surfaces.  Figure 6.7 shows the plot of VLCL for the 
first 10 msec.  Again the trend for the untreated () and hydrophobic () side walls is as 
expected.  Both velocities decrease somewhat linearly with some variation due to the stick-shift 
movement of the line.  The rough Lexan side wall () behaves quite differently from the other 
two surfaces.  There are large oscillations in the velocity which can also be explained by the fact 
that to contact line becomes temporarily pinned on the roughness features.  Once a new contact 
angle is established, the forces overcome the pinning and the velocity increases again.  This 





Fig. 6.7: Plot of VLCL for untreated, hydrophobic, and rough Lexan where θUnt = 





6.2 Concus-Finn Condition 
 
The Concus-Finn condition can be a useful tool to help describe the liquid behavior at the 
intersection of two surfaces with an open angle of 2α.  Figure 6.8 illustrates an example of the 
plot developed by Concus-Finn, shown in Figure 2.4, as applied to a fuel cell gas channel.  As 
stated previously in Section 2.2, the two contact points that are of interest for this application are 
the two contact angles that are interior to the corner and are given as θICL and θLCL, therefore 
these values are plotted on the graph with coordinates given as (x,y) equal to (θICL, θLCL).   
The location of this point can be used to graphically predict whether or not the corner will fill.  A 
point located within the rectangle below the limiting line indicates the corner will be filled when 
the droplet contacts the side wall.  If the point falls in the D1- region, the corner will not fill.  For 
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the geometry and orientation being tested, sections D1+, D2+, and D2- are absorbed into the R 
region to form to main regions, filling and non-filling.  Using the measured values listed 
previously in Table 3.1, it can be seen in Figure 6.8 that the untreated Lexan surface falls below 
the line for a perpendicular wall.  This indicates that the corner should be filled when a droplet is 




Fig. 6.8: Plot of theoretical Concus-Finn condition for untreated Lexan at 2α = 90° 





As mentioned in Section 2.3, due to the manufacturing of gas channels, as well as GDL intrusion 
into the GDL, the interface between the side wall and GDL might not make a perfect 90° angle.  
Therefore, the effect of varying side wall angles on the contact line height and velocity is also 
investigated.  By rearranging Equation 5.1, the limiting open angle for untreated Lexan, θW = 85°, 
and GDL base, θB = 147°, was found to be 2α = 52°. To illustrate this, Figure 6.9 shows plot of 
the theoretical Concus-Finn condition for an open angle of 2α = 60° and 2α = 45° respectively.  It 
can be seen that the point falls directly in between the two open angles and that for 2α = 60° (–), 
the point is below the line indicating that the corner should fill.  For the 2α = 45° (---), the point 





Fig. 6.9: Plot of theoretical Concus-Finn condition for Lexan at 2α = 60° and 45° 




The corresponding images for these two values of open angle can be seen in Figures 6.10 and 
6.11.  Similarly to the images shown for 2α = 90°, the wall is highlighted by the dark line in the 
center with the main droplet on the left and a reflection of that droplet on the right.  From the 
sequence of images it can be seen that for and open angle of 2α = 60° the droplet behaves 
similarly to that of 2α = 90°.  The droplet spreads as soon as it makes contact with the side wall 
and after the first 5 msec the entire corner has filled.  However, for 2α = 45°, the droplet remains 
pinned near the point of contact on the side wall at t = 1 msec.  Because of the transition phase, 
the contact line doe move slightly however, once an equilibrium contact angle is established, it 
can be clearly seen that the corner is not being filled by the droplet after the same amount of time.  
This is due to the fact that the surface tension is acting as the driving force and is preventing the 




Fig. 6.10: Sequence of images of a droplet contacting GDL and untreated Lexan at  




Fig. 6.11: Sequence of images of a droplet contacting GDL and untreated Lexan at 
2α = 45° where θB = 147° and θW = 85° 
 
 
To visualize the effect of the open angle on a given surface, Fig. 6.12 shows HLCL for the GDL 
base with an untreated Lexan side wall at open angles of 2α =  60°, and 2α = 45° respectively.  At 
2α = 90° and 2α = 60° the LCL reaches the corner so that HLCL = 0.   However, for 2α = 45°, 
HLCL does not go to zero within the same time frame.  Instead, it gets pinned at a given height 
above the corner as shown in the sequence of images found in Figure 6.11.  The plot of contact 
line height also shows that for 2α = 90°, the height decreases with a relatively smooth trend.  For 
2α = 60° and 2α = 45° however, the trend is harder to classify because it is disjointed for each 







Fig. 6.12: Plot lower contact line height for a GDL base and an untreated Lexan 




Figure 6.13 shows a plot of the velocities calculated from these height measurements.  It can be 
seen that for 2α = 90°, the velocity is relatively linearly with minimal oscillation.  This 
corresponds to the change in height shown in Figure 6.12.  It can also be seen that for 2α = 60° 
and 2α =45°, the velocity oscillation are much larger until equilibrium is reached.   Out of these 
three open angles, 2α = 60° appears to have the largest oscillations.  These oscillations again 
illustrate the fact that there is a stick-shift movement of the contact line as it spreads towards the 
corner.  This is an important process that highlights the significance of the contact angle and open 
angle and their affect on the droplet dynamics.  For every change in velocity there is a change in 
the droplet shape/contact angle indicating that the local contact angle may play an important role 





 Fig. 6.13: Plot lower contact line velocity for a GDL base and an untreated 
Lexan side wall at different open angles where: 




6.3 Local Microscopic Contact Angle 
 
The results discussed in Section 6.3 have focused on an untreated Lexan side wall on GDL at 
various angles and highlighted the local contact angle.  When the hydrophobic and rough Lexan 
side walls were tested, an unexpected trend emerged.  For the hydrophobic side wall, the limiting 
open angle calculated through Eq. 5.1 using values found in Table 3.1 was determined to be 83°.  
When tested at 2α = 90°, the droplet is wicked into the corner as expected, however, when the 
angle was decreased to 2α = 85°, the corner did not quite fill completely as expected.  Figure 6.14 
shows an image taken at t=10 msec for hydrophobic Lexan on a GDL base at 2α = 85°. It can be 





Fig 6.14: Image of droplet on a GDL base contact a hydrophobic Lexan side wall at 
2α = 85° where θB = 147° and θW = 116° 
 
 
To determine the cause of this, the local instantaneous contact angles, θICL and θLCL, were plotted 
on the Concus-Finn plot as shown in Figure 6.15.  The plot in this figure shows the value of 
contact angle plotted as (x,y) equal to (θICL, θLCL) for the first 10 msec of an open angle of 2α = 
90° and 85°.  The solid symbols in this plot represent the contact angles that would cause the 
corner to be filled, the open symbols indicate a condition that would prevent the corner from 
filling, and the light dotted lines represent the measured hysteresis for the hydrophobic wall as 
well as the GDL base.  It can be seen that the majority of the points fall above the rectangle 
indicating that it does not fill for the 85° angle whereas the measured value for the static contact 
angle indicates that it should fill.  This suggests that the contact angles measured using the stand 
alone measurement system may not represent the local interface condition of the droplet with the 
severely strained interface in the corner.  Instead of just employing the measured values of static 
surface contact angles, the instantaneous local contact angles were measured from the videos for 






Fig. 6.15: Plot of measured Concus-Finn condition for hydrophobic Lexan at  
2α = 90° and 2α = 85° where θICL = 147° and θLCL = 116° 
 
 
The fact that the contact angle is continuously changing on both surfaces emphasizes the 
importance of the local instantaneous contact angle when considering the water droplet behavior 
in the corner of a gas channel.  The severely strained interface of the droplet interior at the corner 
causes the contact angle to exceed the accepted measured value which may alter the expected 
outcome.  The fibrous nature of the GDL surface also yields a different local microscopic contact 
angle as seen from the videos. Because of these differences, the CF condition is not always 
satisfied when considering the static advancing measured values.  In order to truly test the 
satisfaction of the CF condition, the local instantaneous contact angle must be used when 





This can also be seen for the rough Lexan.  The limiting angle was determined to be 84° based on 
Eq. 5.1.  When an angle of 80° was tested, it appeared to fill more than expected.  Therefore, the 
local contact angle CF condition was plotted, as shown in Figure 6.16, and shows that there is a 
mix of angles that promote filling (solid symbols) and some that do not allow for corner filling 
(open symbols).  This was found in both the hydrophobic and rough Lexan side walls, however it 




Fig. 6.16: Plot of measured Concus-Finn condition for rough Lexan at  
2α = 90° and 2α = 80° where θICL = 147° and θLCL = 117° 
 
 
The local contact angle was also plotted for the untreated Lexan for comparison.  Figure 6.17 
shows the instantaneous local contact angles for the untreated Lexan at an open angle of 2α = 60° 






Fig. 6.17: Plot of measured Concus-Finn condition for hydrophobic Lexan at  
2α = 60° and 2α = 45° where θICL = 147° and θLCL = 85° 
 
 
It can be seen that although the droplet behaves as predicted, there is a relatively large spread for 
the contact angle values.  It has been calculated that the values exceed the accepted measured 
values for advancing angle, represented by the light dotted lines, by as much as 35%.  In order to 
show this trend more clearly, the contact angles were plotted as a function of time.  Figure 6.18 
shows the change in θUCL and θLCL as a function of time during the first 10 msec for untreated 
Lexan at 2α = 60°.  It can be seen that during the transition period, both the upper and lower 
contact lines have contact angles above the measured hysteresis value.  After the corner is filled at 
t = 5 msec, θLCL essentially disappears because the corner is completely filled by the liquid and 
θUCL falls back within the hysteresis.  During this process, θLCL reaches a maximum value of 31% 






Fig. 6.18: Plot of contact angle for the first 10 msec for GDL and untreated 
Lexan at 2α = 60° where θICL = 147° and θLCL = 85° 
 
 
Figure 6.19 also shows the plot of wall contact angles for an open angle of 2α = 45°.  This plot 
illustrates the fact that the lower contact angle remains higher than the advancing angle, as much 
as 35%, even after it gets pinned in the corner at t = 6 msec.  The upper contact line approaches 
an equilibrium height at this same time step, however, the angle falls within the measured 








Fig. 6.19: Plot of contact angle for the first 10 msec for GDL and untreated Lexan at 
2α = 45° where θICL = 147° and θLCL = 85°  
 
6.4 Droplet Detachment 
 
Although the results of untreated Lexan at 2α = 60° and 2α = 45° have only been reported so far, 
other angles were tested.  One angle that produced interesting results was for an open angle of 2α 
= 50°.   Given a certain droplet size and starting height, it was observed that once the droplet 
contacts the side wall, it is completely drawn to that surface and detaches from the GDL base.  
Figure 6.20 shows a sequence of taken from a test of untreated Lexan at 2α = 50° for t = 0, 2, 4, 6, 
8, and 10 msec.  Similarly to the previous images, the wall is highlighted by the dark line in the 
center of the frame.  The original droplet is growing in the center of the image and a rogue droplet 
is resting on the GDL on the left.  These images show that at t = 6 msec the droplet has 
completely detached from the GDL base and remains pinned on the Lexan surface.  The still 
images from t = 8 msec and t = 10 msec also show that another droplet is beginning to grow out 






Fig. 6.20: Sequence of images showing a droplet in contact with a GDL base and an 
untreated Lexan side wall where 2α = 50°, θICL = 147° and θLCL, Unt = 85° 
 
 
Subsequent droplets continued to grow out of the pore and were drawn into the initial droplet that 
remained on the side wall.  This process continued until the droplet was large enough to contact 
both the side wall and the GDL again.  Figure 6.21 shows an image taken after 5 seconds for this 
test.  It can be seen that when the droplet reconnects with the GDL base the CF condition still 






Fig. 6.21: Image of a droplet in contact with a GDL base and an untreated Lexan 
side wall where: 2α = 50°, θICL = 147°, θLCL, Unt = 85° and t = 5 seconds 
 
 
This phenomenon also occurred for certain tests carried out with an open angle of 2α = 45°.  This 
prompted a closer look into the forces acting on the droplet.  Not only are the surface tension 
forces determining whether or not the corner will fill, they are also imposing a net force on the 
droplet, potentially causing it to detach from the GDL surface even without a shearing gas flow 
(as typically seen in PEM fuel cell gas channels).  This shows a major importance regarding the 
geometry and materials used for reactant gas channels particularly when dealing in water 





6.5 Force Balance Analysis 
 
Based on the equations derived in Section 5.2, the net force acting on the droplets at any given 
time were calculated for the three sidewalls at various open angles.  These force calculation can 
be used to help explain why the droplets behave the way they do.  Figure 6.22 shows the 
breakdown of forces for GDL and untreated Lexan at a perpendicular open angle.  The key forces 
taken into consideration are the base and the side wall forces.  The gravity force () is shown 
here for reference, but it can be seen that the magnitude is low relative to the other forces in play.  
All are combined to provide the net force.  The dashed line represents the zero line and is 
included for reference.  This plot shows that the base force () remains relatively constant at an 
average magnitude of -0.126 N.  The side wall force () however, fluctuates from 0 N to as 
much as 0.068 N but stays relatively low for the majority of the time frame.  The net force () 
remains negative because of this and allows the corner to be filled as expected and observed from 
high speed video. 
 
 
Fig. 6.22: Plot of forces acting on a droplet on a GDL base and an untreated Lexan 
side wall where: 2α = 90°, θICL = 147°, θLCL, Unt = 85°  
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The net force was compared for the three types of side wall material at an open angle of 2α = 90°.  
Figure 6.23 shows the plot of the net forces as a function of time for the first 10 msec.   For the 
most part the three materials stay relatively close to each other.  This can be expected since the 
main influence on the net force is from the base for 2α = 90°.  Surprisingly though, the force 
acting on the droplet with a rough side wall remains relatively constant.  This is explained by the 
fact that the base contact angles and side wall contact angles vary in a way that the change in 




Fig. 6.23: Plot of net forces acting on a droplet on a GDL base and an untreated, 
hydrophobic, and rough Lexan side wall where: 2α = 90°, θUnt = 85°,  
θHydro = 116°, and θRough = 117° respectively with θB = 147° 
 
 
When the open angle is decreased, the net forces acting on the droplet typically increase in the 
positive direction which helps contribute to the behavior at various open angles.  An example of 
this is shown in Figure 6.24 which shows the net forces acting on the droplet as a function of time 
as well as open angle.  This plot shows that the average value of net force increases with 
decreasing open angle.   
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The trend illustrated by 2α = 90° supports the previous results regarding the trends in contact line 
velocity and height.  From t = 0 msec to t = 2 msec, the net force is increasing which supports the 
fact that the velocity is decreasing.  The net force then falls to a lower value at t = 3 msec because 
the corner has filled and the only interfaces contributing to the net for are the outer contact line on 
the base and the upper contact line on the wall.  The same can be said for 2α = 60°.  From t = 0 
msec to t = 4 msec, the force is slightly increasing then falls to a more constant level at t = 5 msec 
due to the filling of the corner and the equilibrium state.  For 2α = 45° and 2α = 30° the net force 
fluctuates on and around the zero mark.  This indicates that there is no surface tension force 
acting on the droplet which prevents it from filling the corner as predicted by the CF condition 




Fig. 6.24: Plot of net forces acting on a droplet on a GDL base and an untreated 




As stated in Section 6.4, certain conditions lead to the complete detachment of the droplet from 
the GDL base driven solely by the surface tension forces.  The force balance for this phenomenon 
was analyzed as shown in Figure 6.25. This plot is a breakdown of the forces acting on the 
droplet by the GDL base and untreated Lexan side wall at an open angle of 2α = 50°.  For this 
geometry, the side wall force is relatively constant after the initial transition for the entire time 
frame.  The base force is not enough to keep the droplet pinned to the GDL surface, therefore at t 
= 6 msec the droplet detaches and the base force goes to zero.  This trend was a typical result for 
the given open angle with a pore size of 150 μm.  This same behavior occurred for an open angle 





Fig. 6.25: Plot of forces acting on a droplet on a GDL base and an untreated Lexan 







An experimental setup has been designed to investigate the effect of corner geometry and surface 
properties on water buildup in polymer electrolyte membrane (PEM) fuel cells.  The approach 
carried out was an ex situ method that simulated the water droplet growth over the porous gas 
diffusion layer (GDL) and focused on the interaction between the emerging droplet and corner 
interfaces, namely the GDL base and channel side wall.  This experimental setup allows for the 
side wall material to be interchangeable in order to test the effect of surface energy and surface 
roughness.  This setup also allows for the changing of the side wall angle to various degrees as a 
way of testing the geometry of the corner interface.  This variability represents several geometries 
that might be seen in an operating fuel cell and highlights some key processes that take place 
within a reactant gas channel.  
• The Concus-Finn condition was applied to the geometry typically seen in PEM fuel 
cell channels and was proved to be a successful tool in predicting the behavior of the 
droplet as it interacts with the GDL base and droplet side wall.  An expression was 
developed based on this condition that provides a limiting value of side wall contact 
angle, θW,Limit, as a function of the base contact angle, θB, and open angle, 2α, of the 
corner interface. 
• The instantaneous local contact line movement was measured from high speed video 
images for all droplet-base-side wall interactions.  Several patterns were observed for 
the contact lines as the droplet transitions from a growing state on the GDL to an 
equilibrium state in the corner.  The upper contact line on the side wall was shown to 
increased until an equilibrium height was reach.  The lower contact line either 
decreased exponentially until it reached the corner vertex or became pinned on or 
near the point of contact.  This behavior was dictated by the Concus – Finn Condition 
as stated above.  
• Similar trends were observed for the contact line movement for hydrophobic and 
hydrophilic (untreated) side walls however differences did emerge when comparing 
the contact angle data as expected based on the difference in equilibrium contact 
angle.   
• The roughness of the side wall was shown to affect the typical trends in contact line 
movement and position.  The rough surface also exhibited higher fluctuations in 
contact angle measurements. 
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• The local contact angle has been shown to be a crucial parameter when considering 
corner geometries in two-phase flow channels.  A distinct oscillation was observed in 
the value of contact angle on all contact lines as the droplet was transitioning to an 
equilibrium state in the corner.  The behavior, coupled with the height and velocity of 
the contact line indicates a stick-shift form of movement of the contact line which 
increases with surface energy (θW) and surface roughness (Ra). 
• The local contact angle has also been shown to exceed the previously accepted 
measurement for static advancing angle when exposed to the corner geometry.  This 
is explained by the fact that the droplet interface is severely strained due to the large 
difference in surface contact angles as well as the scale involved.   
• A force balance analysis was completed to determine the driving forces acting on the 
contact lines at the liquid-solid interface.  This analysis has shown that for filling 
conditions, the net force is acting in the negative y-direction towards the corner.  For 
the conditions in which the droplets were not filling,  the forces acting on the droplet 
from the side wall contributed more causing the net force to be equal to zero or 
slightly positive (away from the corner).  For certain cases of non-filling conditions, 
the surface tension acting on the droplet from the side wall caused the droplet to 
completely detach from the GDL base indicating that the geometry and surface 
properties can be a useful tool for water management in two-phase flow channels.  
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8.0 PROPOSED FUTURE WORK: 
 
8.1 Two – Phase Flow 
The purpose and scope of this work has been to establish a fundamental understanding of driving 
forces of a droplet subjected to two surfaces with varying contact angles in a corner geometry.  
The main application in mind has been for PEM fuel cell gas channels.  In order to more closely 
represent a two- phase flow channel it would be beneficial to extend this work to actual channel 
configuration that will expose the emerging droplet to a cross flow of air as it is interacting with 
the GDL and side wall.  This would help give a better understanding of the driving force acting 
on the droplet relative to shear and surface tension forces by incorporating the side wall.  This 
would also help give insight into why certain flow patterns form in typical PEM fuel cell 
channels. 
 
8.2 Optimal PEM Fuel Cell Channel Design 
The work presented here has laid the foundation for and the validation of using the Concus-Finn 
condition to design an optimal channel design for PEM fuel cells.  The geometrical conditions 
explained above could be extended to the design and validation of a trapezoidal channel that can 
be easily manufactured for mass production that uses the geometry and surface energies to 
prevent excess water build up.  Ex situ and in situ testing can be implemented to test the 
performance of the new design comparable to current industry standards.  The key to this work 
would be to design with auto competitiveness in mind. 
 
8.3 Mass Transport Modeling 
A long with incorporating air flow in an experimental setup, it would be beneficial to extend the 
force balance analysis to include the effect of shear acting on the droplet by the air cross flow.  By 
considering fewer assumptions and extending the analysis to be more three dimensional, a more 
accurate description of the driving forces can be developed and can lead into a 3D numerical 
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10.1 Height Measurement Uncertainty 
 
As stated previously in Section 4, the heights of the interfaces were measured using the Keyence 
Motion Analysis Software.  The units used for these measurements were in micrometers (μm) 
with a minimum increment between measurements of 7 μm (7 x 10-6).  To determine the 
uncertainty of the manual measurement, the multiple measurements was taken for a given 
droplets and averaged.  The difference in measurements was 5 μm (5 x 10-6) which falls within 
the error of the software.  Figure 6.5 shows the repeatability of the droplet interface height 
behavior for three droplet of similar size.  This can also be seen even if the initial heights vary 
slightly, especially when focusing on the lower contact line.  Figure 10.1 illustrates HLCL for two 
different droplets interacting with a GDL base and an untreated Lexan sidewall at an open angle 
of 2α = 90°.  It can be seen that although the magnitudes of the heights varies, the overall 





Fig. 10.1: Plot of upper and lower contact line height on an untreated side 
wall for different droplets where: 2α = 90°, θB = 147° and θW = 85° 
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This repeatability is also seen for the hydrophobic side wall as well as for the rough Lexan side 
wall at an open angle of 2α = 90°.  Figure 10.2 and Figure 10.3 show the height of the lower 
contact lines for hydrophobic Lexan and rough Lexan respectively.  For both droplets in each 
setup, the lower contact line behaved very similarly indicating that the process that moves the 







Fig. 10.2: Plot lower contact line height on a hydrophobic side wall for 








Fig. 10.3: Plot lower contact line height on a rough side wall for different 





For cases in which the corner was not filling, the behavior of the droplet height, especially the 
lower contact line height, was very similar for multiple tests.  An example of this can be seen in 
Figure 10.4 which shows the HLCL for two different droplets on a GDL base with an untreated 
Lexan side wall at 2α = 45°.  This droplet does not fill the corner for each case as indicated by the 
equilibrium height greater than zero.  Also, both lines decrease similarly until the contact line gets 







Fig. 10.4: Plot lower contact line height on an untreated side wall for 




10.2 Velocity Uncertainty 
 
The velocities of the contact lines were determined based on the change in height between two 
consecutive frames as was calculated as: 
 




�         (10.1). 
 
where V is the velocity, H1 is the height of the contact line in Frame 1 and H2 is the height of the 
contact line in Frame 2.  Using the uncertainty value for the height measurements, the value of 










�          (10.2) 
 
where UV is the uncertainty of the velocity value, and UH is the uncertainty of the height 
measurement.  Through Eq. 10.2, the uncertainty of the velocity measurement can be 
determined to be: 
 











�       (10.3) 
 
Using the same droplets shown in Figures 10.1 through 10.4, the behavior of the contact 
line velocity can also be compared to show the repeatability and validity of the results.  
Figure 10.5 shows VLCL for two droplets interacting with a GDL base and an untreated 
Lexan side wall at 2α = 90°.  It can be seen that the magnitudes vary due to the nature of 
the contact line movement; however, this variation is consistent for both droplets thus 




Fig. 10.5: Plot lower contact line velocity on an untreated Lexan side wall for 
different droplets where: 2α = 90°, θB = 147° and θW = 85° 
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As with the contact line heights, the contact line velocities were also repeatable for the 
hydrophobic and rough side wall.  Figures 10.6 shows VLCL for two different droplets on the 
hydrophobic side wall at 2α = 90°. The magnitudes vary, however a slight oscillation is seen as a 
result of the stick-shift movement of the contact line.  This can be seen more clearly for the rough 
Lexan case in Figure 10.7 which shows much larger oscillations in the value of the contact line 
velocities.  The exact velocities do not match, however the same oscillation exists for both 




Fig. 10.6: Plot lower contact line velocity on a hydrophobic Lexan side wall for 







Fig. 10.7: Plot lower contact line velocity on a rough Lexan side wall for different 
droplets where: 2α = 90°, θB = 147° and θW = 117° 
 
 
The stick-shift movement is also highlighted by the velocity of the contact line for cases in which 
the corner does not fill.  Figure 10.8 shows VLCL for two different droplets on an untreated Lexan 
side wall at 2α = 45° corresponding to the height measurements in Figure 10.4.  It can be seen 
that the velocity oscillates for both droplets, and although the magnitudes do not match, this 






Fig. 10.8: Plot lower contact line velocity on an untreated Lexan side wall for 
different droplets where: 2α = 45°, θB = 147° and θW = 85° 
 
 
10.3 Contact Angle Measurement Uncertainty 
 
The measurement of the contact angle was completed using the Keyence Motion Software Angle 
Tool as described in Section 4.  After taking the average of several measurements on the same 
droplet, the accuracy of this contact angle measurement was determined to be ± 1°.  The 
repeatability of the contact angle measurement can be shown by the plot in Figure 10.9.  This plot 
shows the contact angle of the lower contact line for two different droplets interacting with a 
GDL base and an untreated Lexan side wall at 2α = 45°.  It can be seen that the two droplets 
behave very similar on the side wall. Similarly to the height measurements, the contact angle 
measurements due fall outside of the 1° error, however the overall behavior is still similar for 







Fig. 10.9: Plot lower contact line contact angle on an untreated Lexan side wall for 
different droplets where: 2α = 45°, θB = 147° and θW = 85° 
 
 
10.4 Force Balance Uncertainty 
 
The force balance is mainly based off of the measurement of the contact angle as is best 
illustrated by comparing the results of droplet interacting in with the same corner geometry and 
surface properties.  Figure 10.10 shows the force balance for two different droplets interacting 
with a GDL base and an untreated Lexan side wall at 2α = 50°.  For all droplets with this set up, 
the liquid completely detached from the GDL surface.  This is shown in the plot for both droplets 








Fig. 10.10: Plot of net force acting on different droplets interacting with a GDL base 
and an untreated Lexan side wall for where: 2α = 50°, θB = 147° and θW = 85° 
 
 
This uncertainty analysis has shown that the results presented in this paper are valid due to the 
fact that the behavior of the droplet is repeatable.  Due to the individual dynamics of each droplet, 
the measured magnitudes for the height and contact angles, and consequently the calculated 
values of the velocity and net force, vary among samples tested.  However, the patterns that 
emerge for each test are similar and exist outside of the calculated error.  From a global 
perspective, a few droplets did not behave as expected.  Upon closer investigation, it was found 
that those droplets did support the results presented here based on a local analysis thus validating 
this work.  
